Solar cells with a dye adsorbed on nanocrystalline TiO 2 can attain light-to-electrical energy conversion efficiencies of 10%, 1 and raise hopes for clean, economical solar energy conversion. The first chemical step following light absorption involves injection of an electron from a dye excited-state into the TiO 2 conduction band. The efficiency and energy of electron injection are of primary importance for the overall efficiency of these solar cells. However, direct measurement of these efficiencies and energies has remained elusive. The quantum yield of electron injection is often estimated indirectly either from the excited-state lifetime in the absence of injection and the electron injection rate constant or from transient absorption spectroscopy, which is complicated by both overlap between ground-state and transient absorptions and short transient lifetimes. The energy for electron transfer is usually estimated from the redox potential of the electronically excited dye and the semiconductor conduction band energy. However, this is ill defined for nanocrystalline semiconductors. 2 We describe a new approach, based on detection of the pressure wave generated upon conversion of excitation energy into heat, as the electronically excited dye evolves to a charge-separated (CS) state with the electron located in the conduction band. This is the basis of photoacoustic calorimetry (PAC). We report heterogeneous electron-injection efficiencies and energies (2% and 0.05 eV precision, respectively) using this technique.
Time-resolved PAC measures energies and quantum yields of photochemical intermediates in solution. [3] [4] [5] [6] PAC is based on the deconvolution of the signal of a sample with that of a photoacoustic reference, defined as a dye that converts all the electronic energy absorbed into heat on a time scale much shorter than the timeresolution of acoustic detection. Attempts to extend this to the study of similar processes in thin films are confronted with the need to design PAC cells with both high sensitivity and high reproducibility, in particular when sample and reference are interchanged. 7, 8 A cell that meets this challenge is shown in Figure 1 . The sample (a dye adsorbed on nanocrystalline TiO 2 deposited on a glass slide) is placed on a dielectric mirror previously covered with a thin layer of acoustic coupling medium (hexadecane or glycerol), while a quartz window with the same pretreatment is placed on the top of the sample. A 2.25 MHz Panametrics transducer (model 5676) is coupled to the back of the mirror, and the sample holder ensures that laser beam, transducer, mirror, sample, and window are always in the same relative position. The cell also includes a 1.5 kg weight to exert a constant pressure on top of the window. This is critical to achieve the desired reproducibility. Samples are irradiated through the quartz window, following the front-face PAC cell design which is known to provide maximum sensitivity. 3, 6 We employed the second harmonic of Nd:YAG lasers (EKSPLA PL 2143A or Spectra Physics Quanta Ray GCR-130) or a PTI N 2 -pumped dye laser (536 nm) for sample excitation. The PAC signals were not influenced by either laser pulse width (30 ps to 8 ns) or repetition frequency (2 to 10 Hz). Procedures for data collection and analysis were the same as for solution time-resolved PAC. 5, 6 Energy balance requires that the energy, corrected for the relative yields, of the laser pulse (E hν ) minus that released in formation of the transient charge-separated state (φ 1 E hν ) and that lost radiatively (Φ F E νmax ), equals that of the CS state
where E νmax is the energy at the maximum emission intensity, and E hν )2.33 eV at 532 nm. The value of φ 1 is obtained from deconvolution of the reference and sample signals. When the rate of formation of the CS state is orders of magnitude faster than its decay, high-frequency transducers do not respond to the slow decay and the ratio of amplitudes between reference and sample waves gives essentially the same results as deconvolution of slow and fast events (see Supporting Information). The implicit assumption in eq 1 is that the pressure wave comes exclusively from thermal processes, that is, volume changes are negligible. The validity of this depends on the chemistry of the system. The outstanding performance of Ru(II)(dcbpy) 2 (NCS) 2 (N3, dcbpy ) 4,4′-dicarboxy-2,2′-bipyridine) adsorbed on nanocrystalline TiO 2 and the detailed data available for this system, 2,10,11 motivated its choice for the first measurements of PAC at solid/solution interfaces. The reference and sample signals must be collected following irradiation under the same conditions. MnTPP is a good photoacoustic reference in solution, 6 but it does not adsorb onto TiO 2 . Tetraphenylporphyrin (TPP) was synthesized via the nitrobenzene method, 12 chorosulfonated, complexed with Mn 3+ and hydrolyzed to produce Mn(III)TPPS, which is a good photoacoustic reference for TiO 2 films. Similar experiments were made with the corresponding copper complex. Details on the synthesis, charac- † Chemistry Department, University of Coimbra. ‡ Swansea University. § CEMUC-Mechanical Engineering Department, University of Coimbra. terization, and preparation of TiO 2 films using the squeegee print method are given as Supporting Information. Neither of these porphyrins showed emission in aqueous solution or when adsorbed to TiO 2 films, and no transient absorptions were seen on timescales of tens of nanoseconds.
Porphyrins with sulfonate anchoring groups take longer to adsorb to titania surfaces than the N3 dye with its carboxylate groups. PAC is best performed with samples having absorptions 0.2-0.3 at the excitation wavelength, after subtraction of the TiO 2 background signal. These absorbances were obtained by immersing slides in ethanolic solutions for 5 min for N3 or for a few hours for MnTPPS samples. Under our experimental conditions no fluorescence was detected from the N3 samples. The acoustic coupling between all parts of the cell significantly influences the amplitude and the onset of the acoustic wave. The constant weight exerted on the quartz window standardizes the acoustic coupling. Coupling with the dielectric mirror and quartz window was further ensured by the thin layer of liquid (glycerol or hexadecane) applied on the back and front of the slide. Figure 2 presents PAC waves and their reproducibility. For the same absorbances, the waves of CuTPPS and MnTPPS are similar, both acting as calorimetric references. The layer of liquid on top of the slide probably additionally stabilizes the charge separated state to different extents, depending on polarity. As glycerol has a dielectric constant comparable to ethanol it provides similar stabilization of the chargeseparated state (∆G CS 0 ) 1.75 eV).
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The fraction of heat released promptly by N3, measured by the ratio of the PAC waves of MnTPPS and N3, is φ 1 ) 0.25 ( 0.02 in glycerol and φ 1 ) 0.45 ( 0.02 in hexadecane. Equation 1 with E CS ) 1.75 eV, gives Φ CS ) 0.99 ( 0.03 for glycerol, where the uncertainty comes mostly from imperfect compensation between volume and entropy changes, 5 discussed in more detail below. The value obtained by transient spectroscopy measurements is 0.80 ( 0.15, 13 which is probably too low in view of the rates involved. Equation 1 also gives reaction energies when the CS efficiencies are known. The fact that there is hardly any medium dependence on this interfacial ET rate 10 and that the ET barrier is dominated by high-frequency modes, 11 implies that the efficiency of electron injection in the semiconductor is not appreciably dependent on the polarity of the medium. Using Φ CS ) 0.99 with φ 1 ) 0.45 ( 0.02 measured with hexadecane, we obtain E CS ) 1.3 eV. This implies that the energy of oxidized N3 relative to the TiO 2 conduction band appears to increase by 0.45 eV when the solvent is changed from an alcohol to a hydrocarbon, Figure 3 , meaning that the energy of the hole located in the dye is more sensitive to solvent effects. TR-PAC is unique for determination of the energy of such chargeseparated states and, when the oxidation potential of the dye is known, it also gives the energy of the edge of the semiconductor conduction band. We believe that this can provide unique insight into the nature of the conduction band.
Our analysis neglects volume and entropy changes. Indeed, the structural volume changes in the oxidation of N3 are minimal, the electrostriction entropy changes compensate electrostriction volume changes, 5 and the translational entropy of the electron in the conduction band is small (see Supporting Information), leading to Φ CS ∆G CS 0 ≈ (1 -φ 1 )E hν for these systems. Finally, it is worth mentioning that the extension of this technique to operational solar cells and to the study of other solid/liquid interfaces is straightforward and its adaptation to biological systems can also be envisaged. 
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